Background: To determine the prognostic value of isocitrate dehydrogenase 1 (IDH1) mutation, O
Background
Malignant gliomas are the most common type of primary brain tumor. They are classified on the basis of the World Health Organization (WHO) grading system. Pathological diagnosis helps ascertain the biology and behavior of brain tumors. The most commonly used consensus approach for the diagnosis of malignant gliomas is to classify the tumors as astrocytic tumors, that is, anaplastic astrocytoma (AA), glioblastoma (GBM),anaplastic oligodendroglioma (AO), and anaplastic oligoastrocytoma (AOA). An accurate distinction between the different types of malignant gliomas is important for deciding the prognosis and therapeutic approaches. Thus far, histopathological examination is the gold standard for the typing and grading of gliomas. However, this method is associated with significant interobserver variability. Furthermore, the clinical behavior of individual tumors having specific pathology might differ substantially. Thus, additional markers are needed for refined and more objective glioma classification, better prediction of prognosis, and tailored therapeutic decisionmaking. At present, clinical factors such as age, Karnofsky performance status (KPS), and resection rate are primarily used to predict the prognosis.
Unlike the classical molecular markers for gliomas -p53 and epidermal growth factor receptor (EGFR) status -the clinical significance of which has remained controversial, at least three important molecular markers with clinical implications have now been identified. These are 1p/19q co-deletion, O 6 -methylguanine methyltransferase (MGMT) promoter methylation, and isocitrate dehydrogenase-1 (IDH1) mutations.
Chromosome 1p/19q co-deletion was first reported in oligodendroglial tumors in 1994 [1] . Cairncross et al. reported chemosensitivity in patients with AOs harboring deletion of 1p, particularly co-deletion of 1p and 19q [2] . Almost 85% of low-grade oligodendrogliomas and 65% of AOs harbor 1p/19q co-deletion [3] . The potential role of 1p/19q loss in therapeutic decision-making in AOs has been analyzed in large studies. The 1p/19q deletions were incorporated into three major therapeutic trials in patients with AO. All the trials confirmed the prognostic and possible predictive role of this biomarker at initial therapy [4] [5] [6] .
MGMT promoter methylation is the only potentially predictive marker, especially for alkylating agent chemotherapy in glioblastoma. At present, temozolomide (TMZ) is mainly used for the treatment of malignant gliomas [7] , and many clinical studies on TMZ have been performed. TMZ is a DNA-methylating agent and exerts its cytotoxicity by adding a methyl group to the O 6 position of guanine residues on DNA. This induces DNA mismatch, DNA double-stand breaks, and apoptosis in proliferating cells [8] . MGMT, a DNA repair enzyme, is known to induce resistance to chemotherapy in some patients with malignant gliomas. In a tumor with a hypermethylated MGMT promoter, MGMT expression is reduced and cytotoxicity of alkylating agents is enhanced. Stupp et al. suggested that the combination of TMZ with radiotherapy could be used as the initial standard treatment for GBM [9] ; they also investigated whether the state of MGMT activity could be a prognostic factor. Cancerspecific DNA methylation changes are hallmarks of human cancers, with global DNA hypomethylation often seen concomitantly with hypermethylation of CpG islands [10] . A CpG island methylator phenotype (CIMP) is regarded as cancer-specific CpG island hypermethylation of a subset of genes in some tumors [11] . In GBM, glioma-CIMP status (G-CIMP) has been shown to be a significant predictor of improved patient survival [12] . Collectively, these different sets of observations suggest that the level of MGMT promoter methylation, serving as a prognostic factor, may reflect an aspect of the global DNA methylation status in GBM.
In 2008, Volgelstein et al. conducted a comprehensive sequence analysis in 22 patients with GBM and identified IDH1 mutation as a new driver mutation [13] . In another analysis, they detected IDH1 mutations in 18 (12%) of 149 patients with GBM. Clinically, patients with IDH1 mutations are characterized by the occurrence of secondary GBM and early disease onset [14, 15] . A large-scale study revealed IDH1 mutations in 50% to 80% of patients with grade 2 astrocytoma, oligodendroglioma, or secondary GBM; however, IDH1 mutations were rare in patients with primary GBM [6, [16] [17] [18] [19] [20] [21] [22] [23] [24] . Thus, IDH1 mutations may be considered new molecular diagnostic markers. In addition, recent studies showed that patients with IDH1 mutations had a better outcome than those with wild-type IDH1 [6, [16] [17] [18] [19] [20] [21] [22] [23] [24] . The biological function of IDH1 mutations has not yet been completely understood. Wildtype IDH1 oxidizes isocitrate to α-ketoglutarate (α-KG) and reduces nicotinamide adenine dinucleotide phosphate (NADP) to NAPD-oxidase (NADPH) [25] . Mutated IDH1 reduces the activity of NADPH, which is required for cellular defense against oxidative stress, leading to tumorigenesis because of oxidative DNA damage [26] . Furthermore, this mutation results in a new function of IDH1 leading to the conversion of α-KG to 2-hydroxyglutarate (2HG), which promotes the accumulation of hypoxia-inducible factor (HIF)1α, leading to vascular endothelial growth factor signaling-mediated tumorigenesis in vitro [27] . However, Metellus et al. question the actual relationship between IDH mutation status and in vivo hypoxic biomarkers [28] . Also Chowdhury et al. showed that 2HG inhibits 2-oxoglutarate (2OG)-dependent oxygenases with varying potencies and indicated that candidate oncogenic pathways in IDH-associated malignancy should include those that are regulated by other 2OG oxygenases than HIF hydroxylases [29] . Despite its obvious association with tumorigenesis, the relationship between IDH1 mutation and good prognosis for malignant glioma is yet unknown.
We evaluated the significance of these markers, that is, 1p/19q co-deletion, MGMT promoter methylation, and IDH1 mutations, in malignant glioma. The objective of the present study was to confirm the difference in the prognostic impacts of MGMT methylation status and IDH1 mutation and 1p/19q co-deletion in patients with GBM and AA and those with AO and AOA, respectively.
Methods
In this study, patients with malignant glioma were divided into two groups according to the presence of the oligodendroglioma component. Groups 1 and 2 consisted of patients with GBM and AA and those with AO and AOA, respectively.
Patient and tissue specimens
Between 1996 and 2009, 267 patients with malignant glioma (30 with AO, 26 with AOA, 40 with AA, 159 with primary GBM and 12 with secondary GBM) treated at Kumamoto University Hospital were included in this study. Tumor specimens were obtained by surgical resection (including biopsy), quick-frozen in liquid nitrogen, and maintained at -80°C until use. The patients and/or their legal guardians provided written informed consent for use of the specimens. Formalin-fixed, paraffin-embedded specimens were pathologically examined. Each specimen was classified by the local neuropathologists according to the WHO criteria. The tumor type IDH1 mutational status, MGMT methylation status, age and gender distribution, Karnofsky performance status (KPS) score, and median survival time are shown in Table 1 .
Direct DNA sequencing of IDH1 mutations
Genomic DNA was isolated from the surgical specimens using the Qiagen kit (Qiagen, Valencia, CA, USA). The PCR primers for genomic region corresponding to IDH1 exon 4 that encodes codon R132 were as follows: IDH1 sense (5′-AAACAAATGTGGAAATCACC-3′) and IDH1 antisense (5′-TGCCAACATGACTTACTTGA-3′). The PCR conditions were 94°for 5 minutes; 36 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 minute; and extension at 72°C for 5 minutes. The PCR was performed using Ex-Taq HS DNA Polymerase (Takara Bio, Shiga, Japan). The PCR products were purified using QIAquick PCR Purification Kit (Qiagen) according to the manufacturer's instructions. Sequencing reactions were performed using previous primers and a Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems, Life Technologies, Carsbad, CA, USA) on an ABI377 automated sequencer (Applied Biosystems).
Methylation-specific PCR for MGMT promoter
MGMT methylation was detected using methylationspecific PCR (MSP). Genomic DNA from each sample (2 μg) was treated with sodium bisulfite using the Epitect Bisulfite Kit (Qiagen Valencia, CA). The primer sequences for the unmethylated reaction were 5′-TTTGTGTTTT GATGTTTGTAGGTTTTTGT-3′ (forward) and 5′-AACT CCACACTCTTCCAAAAACAAAACA-3′ (reverse), and those for the methylated reaction were 5′-TTTCGAC GTTCGTAGGTTTTCGC-3′ (forward) and 5′-GCACTC TTCCGAAAACGAAACG-3′ (reverse). The PCR conditions were as follows: 95°for 5 minutes; 34 cycles of 95°for 30 s, 61°for 30 s, 72°for 30 s; and extension at 72°for 4 minutes. Amplified products were separated on 3% agarose gels, stained with ethidium bromide, and visualized under UV illumination.
1p/19q co-deletion analysis by fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) was performed according to the method described previously [30] . Control and detecting probes were developed from plasmids D1Z1 (1q12) and D1Z2 (1p36.3) for the chromosome 1 study and from bacterial artificial chromosomes (BACs) 
Statistical analyses
The Student t-test was used to compare the mean age and KPS of patients with IDH1 mutations. The Chi-square test was used to analyze the significance of the association between IDH1 mutation and the following data: gender, resection rate, and MGMT methylation status. The overall survival was defined as the time between the first surgery and death. Survival distributions were estimated by KaplanMeier analysis and statistically analyzed using the log-rank test. Univariate and multivariate analysis was performed using the Cox, nonparametric proportional hazards regression model to estimate the relative risk (RR) for age, extent of resection, IDH1 mutation status, MGMT status and diagnosis in group 1 and for age, extent of resection, IDH1 mutation status, MGMT status, existence of 1p19q co-deletion and diagnosis in group 2, respectively. All statistical analyses were performed using StatView 5.0 (SAS Institute Inc., Cary, NC, USA).
Results

IDH1 mutations in malignant gliomas
The 56 mutations of IDH1 genes were identified in all malignant gliomas (21.1%) of the R132H type. Patients with IDH1 mutations were significantly younger than those without IDH1 mutations (mean age, 45.5 versus 55.5 years, P < 0.0001). The difference in mean age was more evident in patients with GBM who had IDH1 mutations than in those without (mean age, 43.8 versus 58.5 years, P = 0.004) ( Table 2 ). IDH1 mutations were predominantly observed in the patients with secondary GBM (8 of 12, 66.7%) but rarely in patients with primary GBM (4 of 159, P < 0.0001) ( Table 2) .
MGMT promoter methylation and 1p/19q co-deletion in malignant gliomas
Of the 267 malignant glioma patients, 134 exhibited MGMT promoter methylation (49.4%). MGMT promoter methylation was considerably higher in patients with AO and AOA (80.0% and 73.1%, respectively), but relatively lower in patients with GBM (42.7%) ( Table 1) . Combined 1p/19q loss of heterozygosity (LOH) was noted in 60.0% AO and 42.3% AOA patients ( Table 1) .
Correlation of IDH1 mutations with MGMT promoter methylation and 1p/19q LOH
Gene sequence analysis showed a significant correlation of IDH1 mutations with MGMT gene promoter methylation (P < 0.0001). MGMT methylation was noted in 83.3%, 75.0%, 91.7%, and 95.0% of patients with GBM, AA, AOA, and AO who had IDH1 mutations, respectively. However, there was no significant correlation between IDH1 mutations and LOH status of 1p/19q ( Table 2) .
Survival of patients according to IDH1 status
In group 1, patients with IDH1 mutations had significantly longer survival time than those with wild-type IDH1 (Figure 1a) . In group 2, the survival time of patients with IDH1 mutations was slightly longer than that of patients without IDH1 mutations (Figure 2a) .
Survival of patients according to MGMT methylation status and 1p/19q co-deletion
For groups 1 and 2, patients with MGMT methylation had a longer survival time than those without ( Figure 1b and Figure 2b ). In group 2, patients with 1p/19q codeletion had significantly better outcome than those without (Figure 2c ). Table 3 summarizes the significant variables. Univariately, age, gender, IDH1 status, MGMT methylation status and histology were positively correlated with increased overall survival in group 1 (AA + GBM) (P < 0.05). In multivariate analysis, age, resection rate, MGMT status and histology were independent prognostic factor for improved overall survival in group 1 (P < 0.05). Also, univariate analysis showed that overall survival was significantly impacted by resection rate, MGMT methylation status and existence of 1p19q co-deletion in group 2 (AO + AOA) (P < 0.05). In multivariate analysis, age, gender and MGMT status were found to be independently associated with improved overall survival in group 2 (P < 0.05). 
Univariate and multivariate analysis
Discussion
Recently, molecular markers have been increasingly used for the assessment and management of malignant glioma. Some molecular signatures are used diagnostically to help pathologists classify tumors, whereas others are used to estimate the prognosis for patients. In this study, we focused on 1p/19 co-deletion, MGMT promoter methylation status, and IDH1 mutations in patients with malignant glioma. Genetic mutations are classified into two types: driver mutations, which are involved in causing and promoting cancer, and passenger mutations, which occur concomitantly as a result of driver mutations. IDH1 mutations have been identified as a new driver mutation by a comprehensive sequence analysis in 22 patients with GBM [13] . Interestingly, these IDH1 mutations were associated with young patient age and secondary GBMs. This observation drew attention to diffuse astrocytoma and AA, both of which were found to carry IDH1 mutations in the majority of cases [6, [16] [17] [18] [19] [20] [21] [22] [23] [24] . As expected, our study also showed high frequency of IDH1 mutations in patients with secondary GBM (66.7%) and grade 3 glioma (for example, 12 (30.0%) of 40 patients with AA, 12 (46.2%) of 26 patients with AOA, and 20 (66.7%) of 30 patients with AO), whereas the frequency was lower in patients with primary GBM (2.6%). Thus, IDH1 mutations are thought to play an important role in the early phase of glioma development.
A relationship between good prognosis and presence of IDH1 mutations was reported by analyzing patients with GBMs [24] , AAs [6] , and AOs [22] . Thus, in addition to the conventional pathological diagnosis, classification of patients on the basis of the presence or absence of IDH1 mutations should be considered for patients with malignant glioma (GBM and AA). A study suggested that the presence of an IDH1 mutation is a prognostic factor in AO patients [22] ; however, our present study showed only slight improvement in survival of AO and AOA patients with IDH1 mutations. Despite the absence of IDH1 mutations, our group-2 patients had a good prognosis. In a group that includes many long survivors, determining the prognostic value becomes difficult. The difference in our results and the previous findings may be due to this reason.
MGMT promoter methylation has been identified in a wide range of human cancers [31] . Promoter methylation was responsible for the inactivation of this gene. MGMT methylation has been reported in 35% to 73% of patients with GBM [7, 8, 24, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] and 50% to 84% of patients with grade3 glioma [6, 41, 43] . The reported frequencies varied across studies because of the different analysis methods and conditions used in these studies. Our MS-PCR analysis showed the following frequencies of MGMT methylation: 42.7% (73/171), 45.0% (18/40), 73.1% (19/26) , and 80.0% (24/30) for GBM, AA, AOA, and AO patients, respectively. Our study also showed significantly greater MGMT methylation in malignant glioma patients with IDH1 mutations than in those without (P < 0.0001). Thus, these two genetic changes might have some relationship. Depending on the primers used and MS-PCR conditions, the obtained results may differ across different studies.
All IDH1 mutations in our study involved the 132G395A mutant. G-to-A mutations are commonly found in TP53 and K-Ras genes in patients with MGMT methylation [8, 44] . Such common G-to-A mutations may account for the higher frequency of 132G395A mutations in the IDH1 codon in patients with MGMT methylation. Loss of 1p and 19q is thought to be the genetic hallmark of oligodendroglial tumors. The frequency of 1p/19q co-deletion was 60.0% in AO and 42.3% in AOA patients. Many studies, including three prospective randomized phase III trials, suggested that 1p/19q deletion was a powerful prognostic marker in patients with WHO grade-3 gliomas. Importantly, these studies also indicated that the prognostic power was independent of the type of adjuvant therapy, that is, radiotherapy, chemotherapy, or combined radiotherapy/chemotherapy [4] [5] [6] . We also found significantly better outcomes in Japanese patients with 1p/19q co-deletion.
Regardless of the histological diagnosis made on the basis of the WHO classification, the surgical resection rate is considered an important prognostic factor [45, 46] . Thus, we investigated the relationship between the surgical resection rate and genetic changes in IDH1 or MGMT in GBM and AA patients. We obtained pre-and post-contrast magnetic resonance imaging (MRI) less than 72 hours after surgery in every case and pre-contrast and postcontrast images were compared. Enhanced areas were considered to be tumors except for obvious vessel images. The resection rate was calculated as percent change of residual tumor over preoperative T1 gadolinium (Gd) volume in all cases (100%, total removal; 95% to 5%, partial removal; below5%, biopsy). We intended to maximum resection without causing neurological morbidity. Depending on the surgical resection rate, group 1 patients were further divided into the following two subgroups: those in whom total resection was successful and those in whom total resection was not possible. In patients with IDH1 mutations in whom total resection was not performed, the survival curves were very similar to those of patients with wild-type IDH1 in whom total resection was performed ( Figure 3) . Despite the small sample size, our study suggested that the survival time of patients with IDH1 mutations who undergo total resection is longer. If any IDH1 mutation is considered as a marker, surgeons would be able to change their treatment strategies, including the choice of surgical procedures. Furthermore, irrespective of the MGMT methylation status, the prognosis of glioma patients can be improved if total resection is performed.
These findings suggest that molecular biological analyses can be used to predict the prognosis of each patient. Thus, besides the pathological diagnosis made on the basis of the existing classification system alone, developing a new classification system assessing genetic changes, such as IDH1 mutations and the status of MGMT methylation and 1p/19q co-deletion, is necessary. This new classification system will allow the design of novel treatment strategies. However, information on these three genetic changes might not always be necessary. GBA and AA patients with IDH1 mutations and MGMT methylation had longer survival times than those without such genetic changes. The tendency for longer survival was more marked in the subgroup with IDH1 mutations than in those with MGMT methylation. Hence, for GBM or AA patients, a classification made on the basis of the presence or absence of IDH1 mutations seems reasonable; however, that made on the basis of the MGMT methylation status should be discussed more carefully. The difference in the degree of association of IDH1 mutations with prognostic factors between group 1 (GBM + AA) and group 2 (AO + AOA) patients was not clear. This could be because different numbers of patients were included in the groups. Therefore, further analyses involving a greater number of patients are necessary. Similarly, AOA and AO patients should be evaluated by taking into account the status of MGMT methylation and 1p/19q co-deletion, and not the IDH1 mutation status.
Conclusions
In summary, our study adds further support for the significant roles of IDH1 mutations and MGMT methylation in the prognosis of GBM and AA patients and suggests that IDH1 mutations might serve as a more potent prognostic factor. In contrast, MGMT methylation and 1p/19q co-deletion status, rather than IDH1 mutation status, were prognostic factors in Japanese patients with AOA and AO. Furthermore, our study highlighted the importance of total resection in GBM and AA patients with IDH1 mutations. Moreover, our study includes the largest number of Japanese patients with malignant gliomas that has been analyzed for these three markers. We believe that our findings will increase the awareness of oncologists in Japan of the value of these markers for predicting prognosis and designing appropriate therapeutic strategies for treating this highly fatal disease.
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